The determination of the inner-core boundary structure is key to understanding the mechanisms of inner-core growth, iron solidification and anisotropy formation in the inner core. A waveform inversion of a worldwide data set of PKIKP and PKiKP core phases is performed to investigate the velocity and the attenuation structure of this region. The data set is chosen to sample the top 50 km of the inner core. Two inversion methods combining time and frequency domain observations are presented. Synthetic tests are performed in order to evaluate the resolution and the confidence intervals of the model parameters. The attenuation of P waves in the uppermost inner core is poorly resolved but appears to be high (Q < 100). The uppermost inner-core interface is divided into two regions: a region extending from 180
I N T R O D U C T I O N
The Earth's inner core plays an important role in many dynamical processes of the Earth's deep interior. Body wave seismology is one of the best tools for giving us an insight into the Earth's structure. The most striking feature of inner-core P-wave velocity is a cylindrical anisotropy with a fast axis approximately parallel to the Earth's spin axis: P waves travel 2-3 per cent faster along north-south paths than in the equatorial plane (see Creager 2000 , for a recent review). However, waveform and traveltime studies of core phases describe the upper 100 km of the inner core as being weakly anisotropic (Shearer 1994; Song & Helmberger 1995; Ouzounis & Creager 2001) . Moreover, a disymmetry is observed between the eastern and western hemisphere: the upper 400 km of the inner core exhibits cylindrical anisotropy in the western hemisphere (180
• W-40
• E longitude range) but not in the eastern hemisphere (40
• E-180
• E) (Tanaka & Hamaguchi 1997; Creager 1999; Garcia & Souriau 2000) . Some recent studies of absolute and differential traveltimes of core phases have shown, however, that anomalies ascribed to the inner-core anisotropy could be partly explained by mantle heterogeneities (Bréger et al. 1999 (Bréger et al. , 2000 .
The attenuation of the Earth's inner core has been investigated from the core phase spectra (Doornbos 1974 (Doornbos , 1983 Niazi & Johnson 1992; Souriau & Roudil 1995; Bowers et al. 2000) . These studies have revealed that the quality factor of P waves increases with depth from a value of 200 in the top 100 km of the inner core to 450 below. The attenuation is also possibly anisotropic, with the most attenuated paths corresponding to the paths along the spin axis of the Earth (Souriau & Romanowicz 1996) .
The inner core is homogeneous at hemispherical scale, despite the hemispherical variation of the anisotropy level in the 100-400 km depth range (Creager 1999) . At intermediate scale (∼200 km), the heterogeneity level is low traducing the absence of strong chemical or thermal contrasts in the inner core (Garcia & Souriau 2000) . However, two recent studies argue for the presence of kilometricscale scattering in the inner core (Cormier et al. 1998; Vidale & Earle 2000) .
The structure of the Earth's core at the inner-core boundary (ICB) has been widely investigated by seismological studies. The earliest theoretical works on body wave propagation (Richards 1973; Cormier & Richards 1977; Choy & Cormier 1983) have allowed the waveform modelling of the different core phases at all epicentral distances. By using these synthetic seismograms, the P-wave velocity and attenuation structure of the ICB region has been investigated at short periods (Cormier 1981; Choy & Cormier 1983; Cormier & Choy 1986; Cummins & Johnson 1988; Kaneshima et al. 1994; Huang 1996) and at long periods (Müller 1973; Häge 1983; Song & Helmberger 1992) . These studies have revealed the existence of a low velocity gradient at the base of the outer core and they have allowed us to specify the P-wave velocity jump at the ICB, which ranges from 0.52 to 0.78 km s −1 . In addition, they have shown that the inner core exhibits a strong attenuation in the top 200 km beneath the ICB. The main limitations of these studies were the low number of data, investigating specific ray paths, and a trial and error inversion method based on a visual assessment of waveforms.
What is the mechanism of anisotropy formation in the inner core? How is it related to the process of iron solidification? How can we explain an hemispherical pattern of inner-core anisotropy in the 100-400 km depth range beneath the ICB? Is this hemispherical pattern associated with a structure in the uppermost inner core? The key to answering these questions is the structure of the uppermost inner core because chemical and thermal exchanges between the liquid and the solid core occur at the ICB, but also because the solidification of iron takes place at this boundary. The formation of an anisotropic velocity structure in the inner core is possibly influenced by boundary conditions at the ICB (Yoshida et al. 1996; Bergman 1997) . In order to better constrain this region, we have developed a waveform inversion of core phases that allows us to determine simultaneously the velocity and attenuation structure in the first 50 km of the inner core. We apply this process to a selection of worldwide distributed data. The data set used is presented in the next section. Then, the computation of synthetic data and the inversion method are described. The results obtained are presented in section 5. Finally, we discuss the implication of our results for the inner-core structure and evolution. Fig. 1 shows the ray paths of core phases in the Earth for the 120
DATA

Data set
• -136
• epicentral distance range. In this distance range, the two core phases arrive at the station with a time separation of less than 2 s and interfere on the seismogram. They follow approximately the same ray paths in the mantle and the outer core, and experience the same heterogeneities in these parts of the Earth. The hit points of PKIKP and PKiKP ray paths at the CMB are separated by less than 50 km. Only the small-scale heterogeneities in the D layer could have a different effect on the waveforms of the two core phases. The main difference between the ray paths is that the PKIKP phase passes through the inner core, whereas the PKiKP phase is reflected at the inner-core boundary. The turning point depth of the PKIKP innercore phase is in the 0-50 km range below the inner-core boundary, sampling only the very upper part of the inner core. The 128
• epicentral distance range is used in this study. The lower limit is chosen in order to obtain a good resolution for the time separation between the two phases, and the upper limit is chosen to sample only the very upper part of the inner core. The data set used in this study is initially composed of 100 broad-band PKP vertical seismograms collected on global and temporary networks available through the NetDC e-mail service at the Geoscope or IRIS institutions. The inversion of these data is performed by comparison between data and synthetic waveforms. The computation of synthetic waveforms necessitates the estimate of the source time function of the event.
For this purpose, 71 direct P waves in the distance range 40
• -85
• have been collected. These data are selected by visual inspection and resampled at a rate of 8 samples s −1 . Data are then filtered with a bandpass filter of corner frequencies 0.2 and 1 Hz, and analysed in this frequency band. The lower limit of the frequency band is chosen to exclude the spectral peak of the microseismic noise, and the upper The traveltime curve of the core phases computed with the ak135 Earth model (Kennett et al. 1995) for an earthquake at 600 km depth. The maximum time lapse between the two phases is 2 s at 136 • epicentral distance.
limit is chosen to reduce the effect of an unmodelled signal at higher frequencies. Fig. 2 presents examples of data fitted in the 0.2-4 Hz frequency band, and shows that the high-frequency signal is not correctly fitted by the synthetic signal. The source parameters of the 43 events listed in Table 1 are extracted from the centroid moment tensor catalogue of the Harvard seismology group (Dziewonski et al. 1981; Ekström 1994 ).
Noise and sources of error
This study uses three types of data: earthquake source parameters, P seismograms and PKP seismograms. The noise and errors contained in these three different data sets must be analysed in order to determine the selection criteria and inversion procedures that minimize their influence on the final model obtained after inversion. Earthquake mislocations have only a small effect on waveform studies because the traveltime of the waves are not taken into account. In contrast, the errors on the radiation pattern of the source will generate important errors on the relative amplitudes of synthetic P and PKP phases. Therefore, the amplitude of the synthetic PKP phase is directly subject to errors on the radiation pattern. In order to minimize the influence of heterogeneities in the source region, only earthquakes deeper than 100 km have been used. The minimum magnitude of the events is fixed to 5.8 to obtain a good signal-to-noise ratio for both P and PKP phases. The records with large microseismic noise at the seismological station are withdrawn by visual selection of P and PKP waveforms. This selection sets an upper bound of 0.4 on the ratio of the maximum amplitude of the noise to the maximum amplitude of the signal for P and PKP data in the frequency band 0.2-1 Hz. P waveforms in the epicentral distance range 40
• are used for source time function estimates. The most important sources of error on the source time functions are the directivity effects at the source, the attenuation of the P wave and the crustal structure below the station. The directivity effects at the source are reduced by selecting P waves having a source azimuth as close as possible to the PKP source azimuth. The attenuation effect is reduced by selecting when possible a set of the less attenuating stations located on old continents, and inverting for a parameter correcting the differential attenuation between P and PKP ray paths. PKP waveforms in the 128
• distance range are used as inputs in the inversion process. The noise level at the station is estimated by the analysis of a time window 10 s before the PKP arrival. Because the stations recording P and PKP data lie on different crustal structures, the signal received at these stations is convolved by different crustal operators describing the crust response. This is an important source of discrepancies between the synthetic PKP, which includes the crustal response of the station recording the P wave, and the PKP seismogram, which is convolved by the crustal response below the station recording the PKP wave. This analysis of noise sources has revealed two important features. One important source of noise is the difference of crustal structure between the stations recording P and PKP data. This noise could not be removed by a careful data selection or by inversion of a specific parameter. The seismological stations lying on a homogeneous crust will give the simplest signal. Secondly, the amplitude of the phases is a noisy observation because of the propagation of errors on the radiation pattern of the source and because of unmodelled effects such as focalization and defocalization of the wave front by small-scale heterogeneities or frequency-dependent attenuation in the mantle. So, we will focus our inversion on parameters independent of the amplitude of the waves.
C O M P U T A T I O N O F S Y N T H E T I C P K P D A T A
Synthetic seismograms
The body wave data have the form
where W (t) is the waveform of the body wave recorded on the seismogram, S(t) is the source time function of the event, P(m i )(t) is the propagation operator computed for the Earth model m i and I R(t) is the instrument response of the station. An empirical source time function (Cormier & Choy 1986 ) is estimated from a P waveform following
where W P is the waveform of the P wave, P P (m 0 ) is the propagation operator of the P wave computed for the reference model m 0 , I R P is the instrument response of the station recording the P wave and AC P (t * k ) is a correction factor taking into account the attenuation structure below this station. This correction factor is written as
and includes corrections for the attenuation of the spectral amplitudes and the dispersion of the wave. t the reference frequency of the Earth's model m 0 (here f 0 = 1 Hz). Using this source time function, the synthetic PKP body wave is computed by
Synthetic propagation operators of P and PKP phases for each Earth model m i are computed with the 'full wave theory' software (Cormier 1981) provided in the 'Seismological Algorithms' package (Doornbos 1988 ). The method is based on a uniformly asymptotic approximation of radial eigenfunctions for P and SV waves. The model is represented by 10 polynomial velocity profiles between first-order velocity discontinuities. The main advantage of this calculation is the exact computation of attenuation and wispering gallery effects owing to underside reflection of P waves at the ICB. The software has been partly parallelized and runs on a 12-microprocessor CRAY-SV1 computer of the CNES (Centre National d'Etudes Spatiales) in Toulouse. Each synthetic seismogram is computed in 40 s of CPU time.
Earth model
The ak135 reference earth model (Kennett et al. 1995 ) is used in a polynomial form for P-and S-wave velocities and for the density. The attenuation parameters are extracted from the PREM model (Dziewonski & Anderson 1981) , except for the inner core where the quality factor is fixed at Q = 200 for the reference earth model denoted m 0 . Synthetic tests have been performed with realistic variations of S-wave velocity and density contrast at the ICB. They have shown that these two parameters have only a weak influence on the waveform of core phases in the 128
range. The P-wave velocity at the base of the outer core influences strongly the absolute traveltime of core phases, but if we keep the velocity contrast at the ICB constant, the waveforms remain almost unchanged (see Cummins & Johnson 1988, Fig. 9 ). So, only relative variations of P-wave velocities above and below the ICB, velocity gradients and attenuation in the inner core influence the waveform of core phases. Since we are not able to resolve the trade-off between velocities above and below the ICB by waveform modelling of core phases in this epicentral distance range, the velocity at the base of the outer core is taken from the ak135 model. The inner-core P-wave velocity is investigated through the parameter
, where r is the radius and r IC is the radius of the inner core. The P-wave velocity gradient in the inner core is kept constant and the P-wave velocity jump at the ICB is parametrized by dV V (m i ) ranging from −2 to 4 per cent by 0.5 per cent steps. The inner-core attenuation is investigated through a constant quality factor below the ICB Q(m i ) ranging from 50 to 900. The synthetic propagation operators presented in Fig. 3 describe the effect of the two model parameters on the waveforms. The velocity variations have a strong influence on the waveform, particularly for epicentral distances larger than 128
• , but the shape of the PKP impulse response has a low sensitivity to the quality factor.
I N V E R S I O N
Inversion procedures
The PKP data are inverted for a parameter t * correcting the differential attenuation between P and PKP waves, and for the uppermost inner-core P-wave velocity perturbation dV /V and quality factor Q, through a grid search of the best model in the parameter space. A synthetic seismogram is computed for each discrete value of t * , dV /V and Q, aligned to PKP data by cross-correlation and compared by computing the misfit function between PKP data and the seismogram synthetic. In the previous section we saw that the amplitude of PKP waves is a noisy observation. So, a parameter scaling the amplitude of the waveform is inverted in the time domain, and the amplitude spectra are normalized to a reference spectral amplitude in the frequency domain. The frequency domain is usually used for estimating the attenuation of core phases (Doornbos 1974; Niazi & Johnson 1992; Souriau & Roudil 1995; Bowers et al. 2000) . Consequently, the normalized amplitude spectrum is preferred for the estimation of the parameters t * and Q, because these parameters influence the amplitude spectrum more strongly than the phase. However, the time domain is preferred to the frequency domain for estimating the velocity parameter dV /V , because the waveform contains the information on the time lapse between PKIKP and PKiKP, whereas the amplitude spectrum does not contain any phase information. Both time and frequency domain observations will be used in the first inversion method.
The frequency domain observation is defined as the spectral amplitude of the wave in the frequency band 0.2-1 Hz, normalized to the spectral amplitude at 0.5 Hz. The least-squares misfit function of this observation is written as misfit A(d, s)
where A d ( f ) and A s ( f ) are the spectral amplitudes of data and synthetic PKP phases, N f is the number of frequencies and σ 2 ( f ) is the data variance. The data variance is estimated following the formula (Boatwright et al. 1991; Field & Jacob 1995) :
where
is the spectral amplitude of the microseismic noise 10 s before the PKP arrival. Eq. (5) constrains the data to have a maximum signal-to-noise ratio of 2. This condition gives a minimum uncertainty in order to take into account the noise arising from the different crustal structures below the P and PKP stations. The time domain observation is defined as the waveform of the wave normalized to its maximum amplitude. A scaling parameter α is introduced in order to correct errors in the amplitude of the wave. The least-squares misfit function is written as their maximum amplitude, α is a scaling parameter, t 0 is the origin time 2 s before the PKP arrival on the synthetic seismogram and T W is the duration of the window that depends on the length of the source time function of the event. In order to minimize the effect of the phase reflected on the Moho discontinuity (PmP), the duration of the time window is defined by T W = 2 + T source , if T source < 10 s, and T W = 2 + 10 s, if T source ≥ 10 s, where T source is the duration of the source time function. So, only the beginning of the waveform is analysed in order to avoid contamination by the PmP phase arriving about 11 s after the first onset. The scaling parameter α is inverted by a grid search in the range [ 1 3
; 3] with an accuracy of 0.01. The misfit function becomes
The first inversion process is divided into two steps. In a first step, the attenuation parameter t * k is estimated for each P station by the minimum value of the function
where data PKP (P) is the PKP data set with the same P station used for the source time function estimate and s(t * k , m i ) is the synthetic PKP waveform computed for the t * k attenuation parameter and the earth model m i . The minimum value of mis P(t * k ) gives the best estimate t * km of the attenuation parameter for each P station. The PKP normalized spectral amplitudes are used because they are more sen- sitive to the effect of the attenuation than the shape of the PKP phase, and less influenced by the misalignment of data and synthetic waveforms during the inversion process. The attenuation parameter t * k is investigated in the range −1 to 0.5 s. The second step of the inversion process is the estimate of the best inner-core model m best for each PKP data. m best is obtained by minimizing the time domain misfit function misfit W (d, s(t * km , m i )). In the second step of the inversion, the data are simultaneously inverted in order to statistically reduce the effects of the unmodelled signal. A best model is determined for regions of common turning points of PKIKP phase from the maximum variance reduction of the data set.
The second method of inversion consists in minimizing the misfit function misfit W (d, s(t * k , m i )) for each PKP seismogram. It gives the best estimate of the parameters t * k and m i for each PKP data. In this inversion, the attenuation parameter t * k corrects not only for attenuation along the P-wave path, but also partly for attenuation along the PKP-wave path in the mantle. However, this correction acts only on the source time function and does not change the relative attenuation of PKIKP and PKiKP phases owing to inner-core attenuation.
Synthetic inversion tests
Some synthetic tests have been performed in order to estimate the intrinsic resolution of the inner-core model parameters as a function of epicentral distance, inner-core velocity perturbation and duration of the source time function. Another method is developed in order to estimate the effect of microseismic noise on the inner-core model obtained after inversion. The results of these tests indicate a method of computing confidence intervals for the inner-core model parameters.
Intrinsic resolution of the inner-core model
As already seen in Fig. 3 , the perturbations of the inner-core model change more and more the PKP waveforms as the epicentral distance increases, because the time separation between the two phases increases with epicentral distance, allowing a better resolution of the inner-core parameters. These synthetics also show that the attenuation parameter is poorly resolved and that the velocity perturbation is properly resolved only for epicentral distances greater than 128
• . These synthetic propagation operators do not take into account the source time function of the event. In order to quantify the effect of the duration of the source time function, synthetic data are computed for three different durations of the source time function and two different inner-core models at an epicentral distance of 130.5
• . These data are then inverted in the time domain, and the variance reduction as a function of the inner-core model parameters are plotted in Fig. 4 . The maximum variance reduction is 100 per cent for all the plots because noise sources have not been introduced, but the shape of the variance reduction is significantly different depending on the parameters used. The intrinsic resolution of the parameters of the inner-core model increases by increasing the velocity perturbation of the initial model because the separation time between the two phases is larger. As the duration of the source time function increases, the intrinsic resolution of the parameters decreases, because long source time functions have much lower frequencies, and do not allow one to resolve the small time separation between the two phases.
Microseismic noise
The microseismic noise affects the P and PKP waveforms used in this study. In order to quantify the propagation of this noise in the model obtained after inversion, some synthetic inversion tests are performed by introducing noise on both P and PKP waveforms. A synthetic microseismic noise is computed by high-pass filtering a Brownian noise at 0.15 Hz. The synthetic noise presents a spectral peak at 0.15 Hz and a spectral fall-off as f −2 at higher frequencies.
The synthetic inversion test consists in adding 300 different realizations of the synthetic microseismic noise to both the source time function used to compute synthetic PKP seismograms, and to the PKP synthetic waveform used as the input data in the inversion. The distribution in the parameter space of the 300 models obtained after inversion gives an idea of the error owing to the microseismic noise for different values of the ratio R of maximal amplitude of the noise to maximal amplitude of the signal. The density of models normalized to the peak of the distribution is plotted in Fig. 5 for different inner-core models and different values of the ratio R. The variance reduction obtained for a synthetic wave without noise is recalled on the left-hand part of each panel. For the inner-core model with −1 per cent velocity perturbation, the inner-core attenuation is not resolved, even at low noise level, and the velocity perturbation is not resolved below −0.5 per cent. The density plot of the models suggest that low attenuation and negative velocity perturbations are preferred at high noise levels. For the inner-core model with 1 per cent velocity perturbation, the inner-core parameters are less influenced by noise, and the inner-core velocity perturbation is properly determined, even at high noise levels. For both innercore initial models, the density of models has a shape that could be related to the variance reduction. Because the P and PKP data are visually selected in order to have a maximum value of 0.4 for the ratio R, the test indicates that the majority of models will be in the parameter space defined by a variance reduction larger than 90 per cent. The size of this region defines confidence intervals for the attenuation and velocity perturbation parameters. However, in this synthetic case the model without noise is known, whereas for the data, we could only access variance reduction of real data in the parameter space. So, another definition of the confidence intervals must be set because maximum variance reduction is never 100 per cent. Keeping in mind the synthetic inversion tests, we define confidence intervals for velocity [(dV /V ) 
1
where V R(1/Q, dV /V ) is the variance reduction of the data as a function of the inner-core parameters and V R max is the maximum variance reduction. This formula allows us to put an error bar on the inner-core model obtained after inversion. Because only properly fitted data will approach the conditions of the test, we also operate a selection of the results by keeping only PKP data with V R max > 70 per cent for the first inversion process, and PKP data with V R max > 80 per cent in the second inversion process. The selection is more restrictive in the second inversion method because one more free parameter (t * k ) is available to fit the data. With this method, the variance reduction also depends on the parameter t * k . In this case, the confidence intervals are defined by replacing V R(1/Q, dV /V ) by V R(t * km , 1/Q, dV /V ) in eqs (9), where t * km is the value of the parameter t * k , which gives the maximum variance reduction over the entire set of values (t * k , 1/Q, dV /V ).
R E S U L T S
In this section, the results of the inversion are presented. In the first part, the performance of the inversion methods and the influence of non-linear instabilities caused by the source directivity effects are presented. In the second part, the seismic structure of the upper inner core and the results obtained for the t * parameter are presented.
Variance reduction and non-linear instabilities
The histograms of the variance reductions obtained for the 100 PKP waveforms inverted in the time domain for the frequency band 0.2-1 Hz are presented in Fig. 6 for the two inversion methods. The selection of data depending on the time domain variance reduction of the best model leads to the exclusion of about two-thirds of the data set for each inversion method. The low variance reductions are caused by unmodelled effects such as the crustal structure below the stations, or a frequency-dependent attenuation in the mantle. However, they are also caused by non-linear instabilities generated by the directivity effects at the source. In order to illustrate this point, Fig. 7 presents the time domain variance reductions obtained for the two inversion methods plotted as a function of the azimuth differences at the source between the P wave, which is used for the source time function estimate, and the PKP data. For large azimuth differences, the variance reduction is mainly below the selection criterion, indicating that the source directivity effects are important, and that the selection criterion is probably a good one.
Uppermost inner-core structure
Time domain inversion
The uppermost inner-core velocity model obtained by the first inversion method is presented in Fig. 8(a) . The results could be separated into two regions: a region of negative velocity perturbations covering the western hemisphere (180
• W-60 • E), and a region of positive velocity perturbations covering a large part of the eastern hemisphere (60
• E-180 • E). The scatter observed in the velocity perturbations of nearby inner-core spots is caused by the large error bars of some results. The data set is separated into two longitudinal regions denoted WEST, and EAST for investigating regional variance reductions. Contour lines of the regional variance reductions in the parameter space are plotted in Fig. 8(b) for the two regions. As already mentioned in the Section 4.2.1, the quality factor Q is less constrained than the velocity perturbation, particularly for negative values of the velocity perturbation dV /V . For positive values of the velocity perturbation (EAST region), the uppermost inner-core quality factor Q has a value of 75, but it is not clearly resolved. The minima of the regional variance reductions give a velocity perturbation of −0.5 per cent for the WEST region and 1 per cent for the EAST region. Because synthetic tests have shown that negative velocity perturbations are not resolved below 0 per cent the −0.5 per cent estimate for the WEST region must be taken with caution. Moreover, the peak of the variance reduction in the EAST region is broad, indicating that the error bar is probably large. However, Fig. 9 presents the velocity perturbations obtained by the two inversion methods with their confidence intervals and clearly indicates a hemispherical pattern. The estimate of the velocity perturbations obtained by the two inversion methods are in close agreement. They are summarized in Table 2 . The upper inner-core velocity perturbations presented here agree well with some recent results obtained by measurement of the differential time between PKIKP and PKiKP phases (Niu & Wen 2001) . The two models present a hemispherical pattern at the top of the inner core with negative velocity perturbations in the WEST hemisphere and positive in the EAST hemisphere. The amplitudes of the regional velocity perturbations are similar, even if our estimate for the WEST region is 0.5 per cent larger. Our results appear to be noisier because the frequency band and the epicentral distance range are different, and because we use single-station information for very different events, instead of array data for selected events.
The rays used in the inversion cover a large angular range between the ray at its turning point and the Earth's spin axis, but the uppermost inner-core velocity perturbations do not appear to be correlated with this parameter, suggesting the absence of anisotropy oriented along the spin axis of the Earth in the upper part of the inner core. However, the large error bars obtained for individual velocity results do not exclude the presence of a low anisotropy level. As described in Fig. 10 , the clear distinction of the uppermost innercore structure in two different geographical areas is correlated to the distinction between an isotropic quasi-eastern hemisphere and an anisotropic quasi-western hemisphere in the 100-400 km depth range beneath the ICB (Tanaka & Hamaguchi 1997; Creager 1999; Garcia & Souriau 2000) . The slow upper inner-core region corresponds approximately to the anisotropic part and the fast region to the isotropic one.
Frequency domain inversion
Frequency domain observations are used in the first step of the first inversion method to estimate the value of the t * parameter correcting for differential attenuation between P and PKP waves. This parameter is estimated for each P station, but its physical significance is not obvious because it will depend on attenuation along both P and PKP ray paths. Fig. 11 presents a histogram of the results obtained for this parameter. The peak of the histogram is close to −0.4 s, traducing the fact that the attenuation of P waves is overpredicted by the PREM model compared with PKP waves. This conclusion is in agreement with the results obtained by Warren & Shearer (2000) comparing attenuation of P and P P waves in the same frequency band.
The regional variance reductions obtained in the time and frequency domains are compared in Fig. 12 for the EAST and WEST regions. Because the phase information is lost in the inversion of the logarithm of the spectral amplitude, the frequency domain inversion is less sensitive to the velocity perturbation parameter. However, the resolution of the inner-core attenuation parameter appears to be higher for the frequency domain than the time domain. So, inversion in the frequency domain gives a more precise estimate of the uppermost inner-core attenuation. These results favour a strong attenuation at the top of the inner core, with a P-wave quality factor in the 50-100 range.
C O N C L U S I O N
A waveform inversion of a worldwide data set of core phases in the 128
• epicentral distance range has been performed in order to investigate the upper inner-core P-wave velocity and attenuation. A particular effort has been made to quantify the reliability of the upper inner-core model by using misfit functions, and by estimating the resolution of the model parameters and the confidence intervals of the results. The top 50 km of the inner core appears to be a highly attenuating medium with an average value of the P-wave quality factor in the 50-100 range. The uppermost inner core is separated into two regions: the first extending from 180 • W to 60 • E exhibits low P velocities (dV /V ∼ −0.5 per cent), and the other one from 60
• E to 180
• E presents high P velocities (dV /V ∼ 1 per cent). Moreover, the inversion results do not favour the presence of transverse isotropy aligned along the spin axis of the Earth in the top 50 km of the inner core, even if a low anisotropy level or the presence of anisotropy with another orientation cannot be excluded. The advantage of the waveform inversion is its potential to investigate small-scale structures in the inner core. However, the difficulties in correcting for the crustal structure and for the directivity of the source time function at high frequencies are two limitations of the method. Future studies must focus on these two problems in order to improve the waveform inversion method.
The uppermost inner core exhibits a hemispherical pattern with low velocities in the WEST region (180
• W-60
• E) and high velocities in the EAST region (60
• E-180 • E). If the velocity variations are caused by thermal, mineralogical or chemical heterogeneities at the top of the inner core, the hemispherical pattern could be a result of different heat flows at the ICB, possibly caused by different fluid flows at the base of the liquid core. In fact, an experimental study of outer core flows (Sumita & Olson 1999) has shown that heterogeneous heat flow conditions at the core-mantle boundary could produce an asymmetric fluid flow in the liquid core, creating an asymmetric heat flow at the ICB. The P-wave velocity in the top 50 km of the inner core and the anisotropic structure in the 100-400 km depth range below the ICB are approximately correlated: a large P velocity is correlated with the isotropic inner-core structure and a small P velocity with the anisotropic one. This correlation could be explained by a model of anisotropy formation by grain boundary migration in a flow owing to the isostatic adjustment generated by heterogeneous heat flow conditions at the ICB (Yoshida et al. 1996) .
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